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ABSTRACT
We present the data from a mid-infrared imaging survey of 66 proto-planetary
nebula candidates using two mid-IR cameras (MIRAC2 and Berkcam) at the
NASA Infrared Telescope Facility and the United Kingdom Infrared Telescope.
The goal of this survey is to determine the size, flux, and morphology of the
mid-IR emission regions, which sample the inner regions of the circumstellar
dust shells of proto-planetary nebulae. We imaged these proto-planetary nebulae
with narrow-band lters (λ/λ  10%) at wavelengths of notable dust features.
With our typical angular resolution of 100, we resolve 17 sources, nd 48 objects
unresolved, and do not detect 1 source. For several sources, we checked optical
and infrared associations and positions of the sources. In table format, we list
the size and flux measurements for all the detected objects and show gures
of all the resolved sources. Images for all the detected objects are available
on line in FITS format from the Astronomy Digital Image Library at the
National Center for Supercomputing Application. The proto-planetary nebula
candidate sample includes, in addition to the predominant proto-planetary
nebulae, extreme asymptotic giant branch stars, young planetary nebulae, a
supergiant, and a luminous blue variable. We nd that dust shells which are
cooler (T  150 K) and brighter in the infrared are more easily resolved. Eleven
of the seventeen resolved sources are extended and fall into one of two types
of mid-IR morphological classes: core/elliptical or toroidal. Core/elliptical
structures show unresolved cores with lower surface brightness elliptical nebulae.
Toroidal structures show limb-brightened peaks suggesting equatorial density
enhancements. We argue that core/ellipticals have denser dust shells than
toroidals.
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Subject headings: stars: AGB and post-AGB | stars: mass loss | circumstellar
matter | infrared: continuum
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1. Introduction
Proto-Planetary Nebulae (PPNe) are objects in transition between the asymptotic
giant branch (AGB) and planetary nebula (PN) phases of stellar evolution for intermediate
mass stars ( 0.8−8.0 M). Like PNe, PPNe are composed of central stars and detached
circumstellar envelopes of gas and dust; however, unlike PNe, their central stars are too cool
(Teff < 10
4 K) to photoionize the envelopes (Kwok (1993)). Hence, we cannot observe the
structure of PPNe circumstellar envelopes using high spatial resolution imaging of ionized
gas lines or free-free radio continuum that are successfully used for PNe. Instead, techniques
which are sensitive to dust (e.g. thermal emission at infrared wavelengths or scattering at
visible wavelengths) or neutral gas (e.g. CO or OH mapping in radio) must be used.
In this paper, we present results of a mid-infrared (mid-IR; 8−25 µm) imaging survey
of 66 PPN candidates. These images are sensitive to the thermal dust emission arising from
the inner-most regions of the PPNe circumstellar dust shells. Figure 1 shows our working
model for the circumstellar dust shell created by the AGB and superwind mass loss episodes
(cf. Meixner et al. (1997)). If the mass loss velocity is relatively constant over time, then
an increasing radial distance in the dust shell corresponds to a time further in the past.
The outer regions of the dust shell consist of material that was ejected further in the past
than material in the inner regions. The inner radius of the dust shell marks the point in
time when the mass loss ended. The \superwind" region marks the location of material
ejected during an intense and perhaps axially symmetric mass loss phase that ends a star’s
life on the AGB. The central star heats the dust shell directly and, hence, the temperature
of the dust decreases with increasing radial distance from the central star. Judging from
the spectral energy distributions of many PPNe, the temperature of the dust at the inner
radius is about a few 100 K (Volk & Kwok (1989)). Warm dust (i.e. at a few 100 K) emits
primarily in the mid-IR. Hence, the mid-IR emission arises from the inner radius out into
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the superwind region to a radial distance where the dust temperature drops below a 100 K
(shaded region of Fig. 1; Meixner et al. (1997)). The purpose of this survey is to determine
the size and morphology of the mid-IR emitting regions. The size of this region gives us
direct information on the inner radius of the dust shell and the extent of the warm dust.
The morphology of this region shows the geometry of the superwind phase.
We selected our sample of 66 PPN candidates from many articles in the literature and
our personal knowledge of the sources. To provide a context for our discussions below,
we have created Table 1, which lists some pertinent characteristics of each these PPN
candidates from the literature. Included in Table 1 is the source’s IRAS ID, its chemistry
(C = carbon-rich/C-rich, O = oxygen-rich/O-rich, C/O = both C-rich and O-rich), the
spectral type of the central star, the visual magnitude of this central star, the IRAS fluxes
in Jy, the reference for a mid-IR spectrum, a distance estimate, and references for the listed
information. When information is not listed, it means that it could not be found. A brief
look at Table 1 shows the breadth of the sample of PPNe that we imaged in this survey: an
almost even mix of C- and O-rich sources, a spread of spectral types from M to O, and a
range of infrared brightnesses (F25 = 2.4 − 2314 Jy) and visual magnitudes (24−5.5). In
Roman numeral footnotes, we note 14 of the sources which are not strictly PPNe, but very
young planetary nebulae (Young PN), extreme AGB stars1, or other. For brevity, we refer
to this entire sample as PPNe or PPN candidates hereafter.
The remainder of this paper covers the observations (section 2), the results (section 3),
a brief discussion of the results (section 4), and the conclusions (section 5). However, the
bulk of the information can be found in Tables 1, 2, & 3 and the gures.
1An extreme AGB star is a heavily dust enshrouded star in the process of its nal mass
loss episode. Extreme AGB stars are at the so-called tip of the AGB.
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2. Observations and Data Reduction
Observations of the PPN candidates were obtained using two dierent mid-IR cameras,
MIRAC2 and Berkcam, between 1991 and 1995. The specic observing parameters for each
PPNe are listed in Table 2. In particular, the positions recorded in this table were the
positions at which we found the sources and are accurate within a few arcseconds. The
angular resolution, which can be assessed for individual images by looking at the point
spread function (PSF) size in Table 3, is typically about 100. Diraction eects dominate
the angular resolution for many of the images. For a 3 m telescope, the diraction-limited
angular resolution is  0.008 at 10 µm. Below we describe the general observation strategy
used with the MIRAC2 and the Berkcam mid-IR cameras.
2.1. MIRAC2
We obtained images of 52 PPN candidates using MIRAC2, the University of
Arizona/SAO mid-IR camera (Homann et al. (1998)), at the 3.0 m NASA Infrared
Telescope Facility (IRTF) and at the 3.8 m United Kingdom Infrared Telescope (UKIRT).
The dates of the observations span three observing runs: (1) 1995 June 3−7 at IRTF,
(2) 1995 November 6, 7, 10 at IRTF, and (3) 1995 November 22−24, 28 at UKIRT. The
weather was clear and calm for the entire 1995 June run, was mostly clear for the 1995
Nov IRTF run and was mostly cloudy for the 1995 Nov UKIRT run. The array is a Boeing
HF-16 arsenic-doped silicon blocked-impurity-band hybrid array and has a 128  128 pixel
format. The pixel scale, which can be changed with a zoom magnication, was set to 0.0039
for the 1995 June run, to 0.0034 for the 1995 Nov IRTF run, and 0.0028 for the 1995 Nov
UKIRT run. These pixel scales ensure a Nyquist sampling of the diraction-limited PSF
at both telescopes. The elds of view were 50005000, 44004400, and 36003600, respectively.
Wavelengths of observations are selected using interference lters (bandwidths listed in
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Table 2) or circular variable lters (labelled as CVF with corresponding bandwidth in
Table 2). The strategy was to image these PPNe at wavelengths of known dust features
in the mid-IR and at wavelengths of the dust continuum. Mid-IR spectra, when available,
were used for guidance in selecting wavelengths. We used the standard method of chopping
and nodding to sample the sky background emission in the mid-IR. The secondary was
chopped by 2000 south at a  3 Hz rate and the telescope was nodded by 2000 west at a
 0.07 Hz rate. For IRAS 18184-1623, which is more extended, the chop and nod throws
were increased to 4000. The CGS3 standard stars (cf. Cohen & Davies (1995)) were used for
flux and PSF calibration. We observed standard stars before and after the sources to check
for variations in the PSF. For high declination sources at the IRTF, we used K giants near
the source (within a few degrees) as PSF standards because there are no flux standards at
these high declinations. This additional PSF check is particularly necessary because the
IRTF has an astigmatism which aects the PSF, especially at high declinations.
For each observed wavelength of a source, we obtained 10 sets of nod-chop cycles
where each nod-chop cycle consists of 2 nod sets (1 on; 1 o) and each nod set contains 2
chopped frames (1 on; 1 o) for a total of 4 frames for a nod-chop cycle. Using our own
software, we rst subtracted the chop-o from the chop-on frames and then subtracted the
nod-o from the nod-on frames; and thereby, obtained sky-subtracted, co-added images
in which the source appears in all four beams (two positive and two negative). A gain
matrix to flat eld the images was derived from images of the dome (high intensity,
uniform background) and the sky (low intensity, uniform background) and applied to the
sky-subtracted, co-added images. A mask le to block out the eects of bad pixels and eld
vignetting was created and applied to these flat-elded images. The images were further
processed using IRAF2 routines. In order to cross correlate the multiple sky-subtracted,
2Image Reduction and Analysis Facility is distributed by the National Optical Astronomy
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co-added images on a sub pixel scale, we rst magnied the images by a factor of four,
using a linear interpolation and conserving the flux. The resulting images had pixel sizes
1/4 of their original size: 0.00098/pixel for the 1995 June run, 0.00085/pixel for the 1995 Nov
IRTF run, and 0.00070/pixel for the 1995 Nov UKIRT run. The multiple sky-subtracted,
co-added images of each source were cross-correlated, realigned, summed, and dissected into
four individual images of the source. These four images were cross-correlated, realigned
and summed to produce the nal image. The same observing and reduction procedures
were used for the standard stars and the sources; thus any eect of these procedures on the
resultant images of the sources and standards should be the same. Typical integration times
on source are 70 seconds, resulting in typical one sigma, rms noise of 1.1 mJy arcsecond−2.
2.2. Berkcam
Observations and data reduction with Berkcam followed a similar strategy as
observations with MIRAC2 and we describe the main dierences here. We observed 14 PPN
candidates using Berkcam, which had a 1064 Hughes Aircraft, Si:As, RIBIT (Reversed
Illuminated Blocked Impurity Transmission) array (Arens et al. (1987); Keto et al. (1992)).
The observations were made in 1992 June and 1992 December at UKIRT and in 1991 May
at IRTF. The weather on all nights of observations was clear. The pixel scale was 0.0039.
The resulting small eld of view (4002500) of the array required us to mosaic images of all
sources and standard stars with 3−5 array panels in order to cover the entire image of the
object. Chopping the secondary with a 1000−4000 throw at a rate of 6.5 Hz and nodding
the telescope with a 2000−4000 throw every 5−15 seconds was performed to measure the sky
Observatories, which is operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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background (cf. Ball et al. (1992)). The standard stars were observed before and after each
of the sources. The dierences in airmasses between the standard stars and sources were
small (< 0.2).
We used IRAF for the initial stages of data reduction. We rst obtained sky-subtracted,
co-added images, similar to those we obtained for the MIRAC data, except that a partial
source appears once, sometimes twice on the nal image depending on the size of the chop
and nod throws. We derived flat elds directly from sky frames from which we subtract
dark frames and applied them to the sky-subtracted, co-added images. In order to stitch
together the 3-5 panel mosaics of images on a subpixel scale, we rst magnied by a factor
of four, resulting in a pixel size of 0.00098/pixel. The sky-subtracted, flat-elded, magnied
mosaic panels were then stitched together using an automatic mosaicing program, which we
developed and that determines the correct relative osets for the panels using a minimum
least-squares error in the flux dierences as a criterion. Typical one sigma rms noise of the
images is 46 mJy arcsec−2.
2.3. Flux calibration
We flux-calibrated our source by comparing the source counts (analog to digital units;
ADUs) with the standard star counts. Extinction corrections were negligible and not
applied because the airmass dierences between the standard star and source were kept to




 Fstdν (Jy), (1)
where F srcν (F
std




The flux densities for the standards are from the CGS3 Standard Table and are specied
for wavelengths of 8.65, 10, 11.5 and 19.3 µm (cf. Cohen & Davies (1995)). For many of the
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wavelengths, we needed to interpolate values from the table and we assumed a power-law
relation between flux and wavelength:









where λ (λ0) is observed (tabulated) wavelength and β is the power-law coecient derived
from our interpolation between two values of the CGS3 Standard Table. The values for β
average -1.90.1 for all the stars, in the wavelength ranges 10-11.5 and 11.5-19.3 µm, which
is close to -2, the value expected for the Raleigh-Jeans approximation in this wavelength
range. The value for β in the wavelength range, 8.65-10 µm for those stars with an SiO
absorption band is more shallow, an average of -1.60.2, because the SiO absorption band
at 8 µm causes an apparent rise in flux between 8 and 10 µm relative to the expected -2 fall
o (Cohen & Davies (1995)). Absolute flux calibration errors are at least 10%. Photometry
of the 1995 Nov UKIRT data was not reliable due to poor weather conditions, and is not
reported in Table 3.
3. Results
Of the 66 PPN candidates, 17 (26%) are resolved, 48 are unresolved and 1 is undetected.
In this section, we present the sizes and fluxes of the mid-IR emission region of the 65
detected PPN candidates and discuss the images of two unresolved sources and all seventeen
resolved sources. In section 3.1, we describe our method for measuring the sizes and
fluxes listed in Table 3. In section 3.2, we talk about optical associations for the infrared
components of some PPN candidates and the undetected source. In section 3.3, we describe
how we determined whether or not our mid-IR images resolve the sources. The cross cuts
of three resolved sources and their PSFs (Figure 2) illustrate three categories: marginally
resolved, core/elliptical and toroidal. In sections 3.4 and 3.5, we discuss, respectively, the
marginally resolved sources and extended sources, of which core/ellipticals and toroidals
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are two distinct subcategories.
3.1. Measurements
In Table 3, we list the measured properties of the sources for each observed wavelength:
flux density, size and ellipticity of source, and, for comparison, size and ellipticity of the
PSF. Most objects have at least two PSFs (before and after) for comparison. We obtain
these measurements by tting isophotal ellipses to the infrared emission. Total flux density
is summed within the 3σ isophote. From the isophote with 50% of the peak intensity, we
measure the size (Size), ellipticity (EL), and position angle (PA). Size is the major axis
length in arcseconds. EL is dened as EL = 1− b/a, where a (b) is the major (minor) axis
length. PA is measured in degrees from north toward east (counter-clockwise in the sky).
3.2. Optical Associations and Non-detections
A number of these PPNe have supposed optical associations established by either cross
correlating optical star catalogs and the IRAS catalog or by looking for optical counterparts
on the all sky survey within the IRAS error ellipse. During this mid-IR imaging survey, we
found that some of these optical associations are correct and others are not. We determined
the validity of an association by nding the optical counterpart in the telescope optical
guide camera, and checking the position of the corresponding mid-IR image on the array.
The alignment between the optical guide camera and the mid-IR camera was established by
imaging standard stars which are bright at optical and mid-IR wavelengths. We conrmed
the optical associations for IRAS 00470+6429, IRAS 04386+5722, and IRAS 19386+0155.
IRAS 22480+6002 had two possible optical associations, both bright stars separated by
1000 east-west, which fall within the position error ellipse. We found that IRAS 22480+6002
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is associated with the brighter star that lies west in the pair. We also found that HD
235718 (SAO 34043) is not associated with IRAS 22036+5306, and that there is no infrared
counterpart to HD 235718. We do not detect mid-IR emission from HD 20041 which
Oudmaijer et al. (1992) claim is associated with IRAS 03119+5657.
3.3. Criteria for Resolving Sources
We determine if a source is extended, marginally resolved or unresolved by
systematically comparing the source size with its PSF size in two ways: a visual comparison
of the source and PSF images and cross cuts (e.g. Fig.2), and a quantitative comparison of
the source and PSF sizes listed in Table 3. For the quantitative comparison, we calculate
a source-to-PSF size ratio for each wavelength, and then obtain an average ratio for all
observed wavelengths. For reference, we also calculate a [larger PSF]-to-[smaller PSF] ratio
from the before and after source observations of PSFs and nd an average ratio of 1.080.1
for all the PSFs and an average ratio of 1.060.07 if we exclude UKIRT data. We claim
that a source is extended if this averaged source-to-PSF size ratio is larger than 1.3 and
unresolved if the averaged source-to-PSF size ratio is smaller than 1.1. Sources that have
averaged source-to-PSF size ratios between 1.1 and 1.3 are considered marginally resolved,
depending on the quality and quantity of the data. For example, several sources which
were observed during the 1995 Nov UKIRT run fall into this 1.1 to 1.3 range; however,
we do not think any of them are resolved because of the variable seeing during that run.
The IRTF images were taken with much better seeing but some of them are aected
by astigmatism (see below). Sources with ratios between 1.1 and 1.3 at more than one
wavelength (e.g. IRAS 02229+6208) are considered marginally resolved, while others in
this range, for which we have data at only one wavelength (e.g. IRAS 17534+2603), are
unresolved. IRAS 06176−1036 (Red Rectangle) is an exception to the above quantitative
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criteria. Visual comparison of IRAS 06176−1036 and its PSF shows that it is most
certainly extended at the 20% contour level, but quantitative comparison suggests that it
is unresolved because it is unresolved at the 50% contour level used in our quantitative
criteria.
Using the above criteria, we determine that a total of 17 sources are resolved; 11 are
clearly extended and 6 are marginally resolved. We summarize information about the
resolved sources in Table 4A: IRAS ID, mid-IR size, mid-IR morphological class, chemistry,
type of object, and optical morphology. Looking at Table 1, where the general observed
properties of these PPNe candidates are listed, we ask the question: Are there any physical
characteristics which determine whether or not a source is resolvable? Distance of the
source, the luminosity of the central star and the inner radius of the dust shell are three
important factors because if a source is closer it is more easily resolved, if it is more
luminous the size of the warm dust emission region is larger, and if the inner radius of the
dust shell is larger it is more easily resolved. In Table 1, we list distance (D) estimates
for some sources, but these estimates are reliable only to a factor of a few and, hence,
the luminosities (L) for the sources are also not well known. However, if we compare the
Table 1 IRAS fluxes of the sources, which are proportional to LD−2, we nd that sources
which are resolved tend to have higher fluxes, and hence are closer or more luminous or
more luminous and closer than the unresolved sources. Inner radii of the dust shells are
not known; in fact these mid-IR images are the best sources for this information. However,
the temperature of the dust, as determined from the infrared spectral energy distribution
(SED), can yield an estimate on the inner radius. Cooler ( 150K) dust shells, where the
SED peaks at 25µm, have larger inner radii than warmer (> 300K) dust shells, where the
SED peaks at 12µm or shorter wavelengths, because the dust is cooler when it is further
from the central star which heats it (Volk & Kwok (1989)). All of the sources that are
resolved, except IRAS 06176-1306, are signicantly brighter (2-10) at 25µm compared to
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12µm, while many of the unresolved sources are brighter at 12µm compared to 25µm. Thus
we conclude that sources which have brighter and cooler infrared fluxes are more easily
resolved. We add one speculative footnote to this discussion. The three faintest resolved
sources, IRAS 20000+3239, IRAS 22223+4327 and IRAS 23304+6147, all have SEDs
which peak at 25µm but are not particularly bright compared to other sources in Table 1.
All three of these sources are C-rich and two have dust features attributed to polycyclic
aromatic hydrocarbons (PAH) in their mid-IR spectra (the third has no published mid-IR
spectrum; cf. Table 1). We suggest that the PAH dust emission in these sources tends to
be more extended than one would expect from dust grains in thermal equilibrium; thereby
making it easier to resolve these sources.
3.4. Unresolved and Marginally Resolved Sources
The images of two unresolved sources and all of the seventeen resolved sources are
shown in Figure 3 and comments about each source appear in appendix A. The MIRAC2
images of IRAS 07399−1435 and all of the sources imaged with Berkcam have been
presented in a preliminary form by Dayal (1997) and Meixner (1993a), respectively.
The two unresolved sources, IRAS 16559−2957 and IRAS 22480+6002, show two
extremes in the quality of PSFs. The image of IRAS 16559−2957 is a very good
example of an unresolved source: the source looks exactly like the PSFs. The PSFs for
IRAS 16559−2957 are also nicely round. The images of IRAS 22480+6002 and its PSFs
are presented to show how IRTF astigmatism aects the shape of the images, particularly
at high declinations. IRAS 22480+6002 has a cross appearance: a main NE-SW elongation
with some perpendicularly extended structure. The standard star β Peg, which is at a
signicantly lower declination, has a very round appearance, and thus one might think that
IRAS 22480+6002 is extended. However, the image of a K star nearby IRAS 22480+6002
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(< 1 separation) has an appearance similar to the image of IRAS 22480+6002. Thus, this
elongation is an artifact, caused by a known astigmatism problem with the IRTF. Hence,
we consider such elongations and cross structures, particularly for high declination sources,
also to be artifacts. IRAS 23304+6147, discussed below, is an example of a marginally
extended source aected by this astigmatism.
The six marginally-resolved sources are: IRAS 02229+6208, IRAS 17441−2411,
IRAS 18184−1302, IRAS 18276−1431, IRAS 20000+3239, and IRAS 23304+6147 (Figure
3). The cross-cut of IRAS 02229+6208 displays a comparison of a marginally resolved source
with its PSF (Fig. 2). Three of these sources, IRAS 02229+6208, IRAS 20000+3239, and
IRAS 23304+6147, are cool (T 150 K), C-rich PPNe with features at 21 µm. Two sources,
IRAS 17441−2411 and IRAS 18276−1431, are cool, O-rich PPNe. IRAS 18276−1431
is marginally extended at 9.8 µm but unresolved at 12.5 µm. The remaining source,
IRAS 18184−1302, is probably a pre-main sequence star which was included as a PPN
candidate because of its cool IRAS colors.
3.5. Extended Sources: Core/Elliptical vs. Toroidal
Eleven sources are extended (source-to-PSF ratio > 1.3), ten of which appear to have
an axial symmetry. The axial symmetry observed in the extended images seems to fall
into two distinct morphological classes: (1) core/elliptical and (2) toroidal (Table 4A).
The core/ellipticals have unresolved, very bright cores that are surrounded by a lower
surface brightness elliptical nebula. The toroidals have some evidence for two peaks that
are interpreted as limb-brightened peaks of an equatorial density enhancement. Cross cuts
through the images of the core/ellipticals and toroidals help to illustrate these dierences
(Fig. 2). Core/ellipticals are strongly peaked with a broad pedestal, while toroidals have a
plateau-like appearance when the two peaks are not quite resolved.
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3.5.1. Core/ellipticals
Eight of the sources are core/ellipticals: IRAS 06176−1036 (Red Rectangle),
IRAS 07399−1435 (OH231.8+4.2), IRAS 16342−3814, IRAS 17028−1004 (M2−9),
IRAS 17150−3224, IRAS 17347−3139, IRAS 19244+1115 (IRC+10420) and
IRAS 19374+2359 (Figure 3). All but one, IRAS 06176−1036, are O-rich. IRAS 16342−3814
is a particularly striking core/elliptical source. The elliptical nebulae in IRAS 16342−3814
extends NE-SW with the same PA for all wavelengths. The cross-cut through the major
axis of this nebula reveals the contrast between the unresolved core and the lower surface
brightness nebula (Fig. 2). The apparent increase in this elliptical nebula’s size from the
12.5 µm image to the 20.6 µm image is due largely to the telescope’s diraction eects which
limit the angular resolution of the images. For diraction limited images of point sources,
we expect the image size to scale proportionally with the wavelength (λ); specically, for
images at 12.5 µm and 20.6 µm we expect an increase of 20.6/12.5 or 1.65. The ratio of the
20.6 µm size to the 12.5 µm size of the standard star PSFs observed with IRAS 16342−3814
is 1.6. The ratio of sizes for IRAS 16342−3814 is a slightly smaller value of 1.3 which
we expect because IRAS 16342−3814 is not a point source and is better resolved at 12.5
µm than at 20.6 µm.
In ve of the O-rich core/ellipticals, the 9.8 µm image appears larger than the images
at neighboring wavelengths (8.8, 11.7, or 12.5 µm). The source sizes for IRAS 07399−1435,
IRAS 16342−3814 and IRAS 17347−3139 are notably larger at 9.8 µm than at neighboring
wavelengths. For IRAS 17150−3224 and IRAS 19374+2359, we nd that the source
is marginally larger at 9.8 µm than at 12.5 µm. In addition, IRAS 18276−1431 (OH
17.7−2.0), which is also an O-rich source, is marginally resolved at 9.8 µm but unresolved
at 12.5 µm. All six of these O-rich sources have a silicate absorption feature at 9.8 µm (see
Table 1 for spectral reference and Table 3 for flux values). Thus, the fact that the intensity
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at 9.8 µm is more extended that the intensity at neighboring wavelengths appears to
be correlated with the presence of a 9.8 µm silicate absorption feature observed in these
sources.
IRAS 06176−1036 (Red Rectangle), which has both C-rich and O-rich dust components
(cf. Table 1), has an almost reversed appearance compared to these O-rich sources. It is
smaller at 10 µm than at its neighboring wavelengths, 8.2 and 11.3 µm as has also been
found in previous studies (Hora et al. (1996); Bregman et al. (1993);Sloan, Grasdalen &
Levan (1993)). The PAH emission features at 8.2 and 11.3 µm (cf. Table 1) appear to be
brighter in the low level elliptical nebula than the 10µm continuum dust emission which
samples the non-PAH dust grains and may be sampling the O-rich dust component (Waters
et al. 1998).
3.5.2. Toroidals
We classify three objects as toroidals: IRAS 17436+5003, IRAS 18184−1623 and
IRAS 22223+4327 (Figure 3). The toroidal sources show evidence of a central torus of dust.
IRAS 17436+5003 (HD 161796) has resolved inner contours that are elongated east-west this
is the same direction that Skinner et al. (1994) resolved two peaks of a toroidal structure
at 12.5 µm in this object. The cross cut of IRAS 17436+5003 (Fig. 2) shows a plateau-like,
flattened top which is expected when two limb brightened peaks are just beyond the
resolution limit. IRAS 22223+4327 is similar in morphology to IRAS 17436+5003 and has
a plateau-like cross-cut similar to that of IRAS 17436+5003. Although we do not have
other evidence that this inner region will resolve into two limb-brightened peaks, similarities
between IRAS 22223+4327 and the other toroidal sources found in the literature (discussed
below) strongly suggest that it is toroidal.
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IRAS 18184−1623 shows a remarkable dust shell which is clearly detached from the
central star. Both 8.8 and 12.5µm images show the central star surrounded by a partially
complete ring structure that has two peaks, almost symmetric around the star. We
interpret these two peaks as limb-brightened peaks of an equatorial density enhancement,
i.e. a torus of dust; hence we classify this object as a toroidal source. If one were to
convolve IRAS 18184−1623 with a PSF that had a FWHM equal to the separation of
its two peaks, one would nd a source structure similar to that in IRAS 17436+5003
and IRAS 22223+4327. The 20.6 µm image also shows this dust shell structure; however
the central star is too faint to appear at the center. Comparing all three wavelengths in
IRAS 18184−1623, we nd that the parts of the dust shell perpendicular to the torus
change. At 8.8 µm, the dust shell is lled in at the southern edge and partially lled at the
northern edge. As the wavelength increases, we nd this southern edge disappearing while
the northern edge gains more prominence, particularly at 20 µm. This change in morphology
could be due to dierent temperatures of the dust in these regions, i.e. the southern edge
is warmer than the northern edge, or, there could be dierences in grain types. Mid-IR
spectroscopy of this nebula would help to answer these questions. IRAS 18184−1623 has
been classied as a luminous blue variable (LBV), and the toroidal structure that we
observe here has been observed on comparable size scales at other wavelengths, e.g. Hα
(Hutsemekers et al. (1994); Nota et al. (1996)), near-IR and mid-IR (Robberto & Herbst
(1998)).
4. Discussion
Mid-IR images of PPNe show us the size and morphology of the inner regions of the
dust shells in these sources. If we enlarge the sample to include other published mid-IR
imaging studies, we can add eight additional sources, seven of which are resolved (see Table
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4B). Of the 73 PPN candidates for which there exist mid-IR images, only 24 (33%) are
resolved. Interestingly, two of the unresolved sources, IRAS 10158−2844 (HR 4049) and
IRAS 15465+2818 (R CrB), have extremely large and cool (T 30 K) dust shells ejected
by an ancient mass loss episode (Gillett et al. (1986), Waters et al. (1989)); the mid-IR
images do not show these large dust shells, but rather reveal very recently ejected, compact
dust shells. Of the 24 resolved sources, 7 are marginally resolved (unknown morphology),
10 have core/elliptical extended structure, and 7 have toroidal extended structures. The
resolved sources are almost evenly divided between C-rich (13) and O-rich (11) chemistry.
The core/elliptical sources seem to be mostly O-rich (7 out of 10) and the toroidal sources
seem to be mostly C-rich (5/7). However, with such small numbers (and presumably some
selection eects) it is hard to gauge the signicance of these trends with chemistry.
There are three pieces of evidence suggesting that core/ellipticals have denser dust
shells than toroidals. Firstly, comparison of the optical morphologies between toroidals and
core/ellipticals shows signicant dierences (Table 4A and 4B). In toroidal sources, the
central star is very prominent in the optical image and is usually surrounded by nebulosity
that is faint in comparison to the star. In contrast, the central star is rarely seen in the
core/elliptical sources and almost all of the optical light is reflection from the nebula. The
morphologies of the optical reflection nebulae vary among the toroidals, but almost all the
core/ellipticals display optical bipolar nebulae. The optical bipolar reflection nebulae found
for core/ellipticals extend in the same direction as the mid-IR elliptical nebula; however,
the optical bipolar nebulae are larger than the mid-IR elliptical nebulae. The dierence
in optical morphology between toroidals and core/ellipticals suggests that toroidals are
transparent in the optical whereas core/ellipticals are opaque in the optical.
Secondly, the core/ellipticals are typically O-rich and have deep silicate absorption
features at 9.8 µm in the mid-IR spectra which indicate that they are optically thick in the
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mid{IR. Our images of the core/ellipticals show that the dust shells are compact and that
they appear larger at 9.8 µm than at neighboring wavelengths (8 and 12.5 µm). In order
to have an optically thick source which is compact, the dust shell must be very dense. The
images together with the mid-IR spectra paint a picture of dense \dust photospheres" that
have decreasing temperatures with increasing radial distance from the star. At the more
optically thick wavelength of 9.8 µm, we have a shallower view into the \dust photosphere"
and the dust shell appears both larger and fainter because the dust shell is physically larger
and cooler at this larger radial distance from the star. At neighboring wavelengths, where
the optical depth is lower, we have a deeper view into the \dust photosphere" and the dust
shell appears smaller and brighter because the dust shell is physically smaller and hotter at
this smaller radial distance from the star.
Thirdly, radiative transfer models of the star and dust shell systems reveal marked
dierences in the densities of toroidals and core/ellipticals. Meixner et al. (1997) model
IRAS 07134+1005, which is a toroidal, C-rich PPN, and nd the dust torus to have low
optical depth in the mid-IR (τ9.7µm  0.03) and to have an inclination angle of  45. Thus
the fact that we see the central star in IRAS 07134+1005 is not simply due to the viewing
angle; we see the central star because the dust density for IRAS 07134+1005 is low. On
the other hand, Skinner et al. (1997) model the Egg Nebula (AFGL 2688), which is a
core/elliptical, C-rich PPN, and nd the dusty torus to be optically thick not only in the
optical, which has always been presumed based on the obscuring dust lane of the bipolar
reflection nebula, but also in the mid-IR and longer wavelengths. Both the high optical
depth at 10 µm (τ10µm  2.4) and the compact size of the dust shell indicate a high density
for the inner regions of the Egg Nebula. These model calculations corroborate the empirical
evidence, outlined above, that core/ellipticals have very dense cores which make them
optically thick at mid-IR wavelengths. The calculations also show that toroidals are quite
dierent in character to core/ellipticals, i.e. the dierence is not just a viewing angle eect.
{ 21 {
Why do core/ellipticals have higher density dust shells than toroidals? We suggest
that core/ellipticals have experienced overall higher mass loss rates compared to
toroidals. For example, the Egg Nebula, a core/elliptical, experienced a mass loss rate of
4  10−3M yr−1 just before it departed from the AGB (Skinner et al. (1997)); whereas
IRAS 07134+1005, a toroidal, experienced a signicantly lower mass loss rate of 6 10−5
M yr−1 (Meixner et al. (1997)). Interestingly, both the Egg Nebula and IRAS 07134+1005
experienced dramatic increases in mass loss rates by factors of 40 and 10, respectively,
prior to leaving the AGB (Skinner et al. (1997);Meixner et al. (1997)). Hence, both
types of sources, core/ellipticals and toroidals, have experienced superwinds. However, the
important factor in creating a core/elliptical as opposed to a toroidal source, is that the
superwind mass loss rate is very high; so high that it creates a dense, dusty torus which
is optically thick at mid-IR wavelengths and which obscures the central star at optical
wavelengths. What causes the higher mass loss rates in core/ellipticals is not clear. It may
be that core/ellipticals have higher mass progenitor stars which are thought to experience
higher mass loss rates at these later stages.
Future avenues of research with these mid-IR images are both theoretical and
observational. The mid-IR images, both resolved and unresolved, are useful constraints for
modeling the circumstellar dust shells. Meixner et al. (1997) found that unresolved images
provided upper limits on the inner radii of the PPNe dust shells and marginally resolved
images provide a precise constraint on the inner radii. Extended images reveal not only
the inner radii, but also the geometry and density distribution of the dust shells. We plan
to model these sources, using additional information, to derive the physical parameters of
these dust shells.
Higher angular resolution would greatly increase the number of resolved sources. What
currently limits our angular resolution at mid-IR wavelengths is aperture size; i.e. we are
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primarily diraction limited. With the new 8-10 m aperture telescopes in operation and
coming into operation in the near future, angular resolution will improve by a factor of two
making it worthwhile to reimage all these sources.
5. Conclusions
Of the 66 PPN candidates imaged at mid-IR wavelengths (8−25 µm), 17 were resolved,
48 were unresolved, and 1 was not detected. We present fluxes, sizes and morphologies for
the 17 resolved PPN candidates and fluxes, and upper limits on sizes for the 48 unresolved
sources. These data will be useful for modeling the circumstellar dust shells of these
sources. The 17 resolved sources have brighter and cooler (peaking at 25µm) IRAS fluxes
than the unresolved sources which suggests that the resolved sources are closer or more
luminous and cooler (T 150 K) than unresolved sources. For the 11 extended sources, two
types of morphology are evident: core/elliptical, e.g. IRAS 16342−3814, and toroidal, e.g.
IRAS 18184−1623. We argue that this dierence in morphology corresponds to a dierence
in dust shell density: core/ellipticals have signicantly denser dust shells than toroidals.
The denser dust shells of core/ellipticals suggests that they originate from stars with higher
mass rates than do the toroidals.
Even though we show only a sub portion of the mid-IR images in this paper, we
make all the mid-IR images for all the sources and their PSFs available in FITS format
on the World Wide Web’s NCSA Astronomy Digital Image Library (ADIL, at URL:
http://imagelib.ncsa.uiuc.edu/document/98.MM.02).
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A. Comments on Objects in Figure 3
In this appendix, we make comments about each source shown in Figure 3. The
comments are listed in the order that the source appears in Figure 3.
IRAS 16559−2957 is unresolved and shows nice round PSFs.
IRAS 22480+6002 is an unresolved source with a \cross pattern" that is created by the
IRTF astigmatism. Only the source and nearby K star are aected by IRTF astigmatism,
and therefore, it is dicult to recognize that the lowest contour structure is an artifact of
IRTF astigmatism when one compares images of the source and βPeg, which is unaected
by the astigmatism because of its lower declination.
IRAS 02229+6208 is marginally resolved at all ve wavelengths.
IRAS 06176−1036 (Red Rectangle) has an unresolved core at all three wavelengths,
but is extended at 8.2 µm, and 11.3 µm at the lower contour levels. Extension at 10 µm is
also seen at contour levels less than 10%, the lowest contour level shown here.
IRAS 07399−1435 (OH 231.8+4.2) is extended at all ve wavelengths, and is more
extended at 9.8 µm than at 8.8 or 11.7 µm. The general increase of size with increasing
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wavelength is a diraction eect (see section 3.5.1).
IRAS 16342−3814 is extended at all four wavelengths. Its size increases from 12.5
µm to 20.6 µm as expected from diraction eects but it is larger at 9.8 µm than 12.5
µm(see section 3.5.1).
IRAS 17028−1004 (M 2−9) is unresolved at 8.1 and 8.5 µm, marginally resolved at 9.7
µm, and extended at 12.6 and 12.8 µm.
IRAS 17150−3224 is extended at all three wavelengths and is slightly more extended
at 9.8 µm than 8.1 or 12.5 µm. The 9.8 µm image shows the shape and PA of the elliptical
nebula best because the 8.1 and 12.5 µm images are aected by artifacts seen in the PSFs.
IRAS 17347−3139 is extended at both 9.8 and 12.5 µm but unresolved at 20.6 µm. It
is bigger at 9.8 µm than at 12.5 µm(see section 3.5.1).
IRAS 17436+5003 (HD 161796) is extended at both wavelengths. The inner elliptical
contour extends in the same direction as the two peaks resolved at 12.5 µm by Skinner et
al. (1994).
IRAS 17441−2411 is marginally extended at both wavelengths. The apparent ellipticity
and PA of its extended nebula is a little suspect because we observe the some ellipticity
with the same PA in the PSF.
IRAS 18184−1302 (MWC 922) is marginally extended.
IRAS 18184−1623 (HD 168625) is extended at all three wavelengths. The central star,
seen at the center, in the 8.8 and 12.5 µm images (but not the 20.6 µm image) serves as a
PSF reference. The two peaks in the dust shell are interpreted as limb-brightened peaks
of an equatorial density enhancement. The images have been smoothed by a Gaussian
(σ = 3). The contour levels in this image start at 20% and the interval is 20%.
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IRAS 18276−1431 (OH 17.7−2.3) is marginally extended at 9.8 µm and unresolved at
12.5 µm.
IRAS 19244+1115 is extended at both wavelengths and exhibits an elliptical nebula.
IRAS 19374+2359 is larger at 9.8 µm that the marginally extended structures seen at
12.5 and 20.6 µm.
IRAS 20000+3239 is marginally resolved at both 8.1 and 12.5 µm (observed at 12.5
µm on two dierent date, 1995 June 3 and 6). The core extension seen at 12.5 µm image
taken in the June 3 run is suspect since βPeg observed after the source (right) shows similar
East-West elongation and since the source image taken in the June 6 run does not show
such extension.
IRAS 22223+4327 is extended both at 12.5 and 18.0 µm. On both source images,
structures suggested by lowest contours are not very reliable due to low signal-to-noise
ratio. North-South elongation of the inner-most core at 12.5 µm is suspect since the PSF
(middle frame) shows similar extension.
IRAS 23304+6147 is observed at 12.5 µm on two dierent dates, 1995 June 5 and 6,
and is extended, but is diraction limited at 20.6 µm. The \cross" pattern seen at 10%
level of 12.5 µm source images is certainly not real (IRTF astigmatism).
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Fig. 1.| A schematic of our working model for proto-planetary nebulae dust shells. The
axially symmetric inner regions are created in a superwind mass loss phase. The spherically
symmetric outer regions are created in the AGB mass loss phase. The shaded region of this
schematic shows where the mid-IR emission arises from the dust shell.
Fig. 2.| Representative examples of cross-cuts of the sources and PSF standards from each
morphological class: (a) IRAS 02229+6208 (marginally extended, unknown morphology),
(b) IRAS 16342−3814 (core/elliptical), and (c) IRAS 17436+5003 (toroidal). The observed
wavelength and identity of corresponding PSF are also indicated in the gure. Solid
(dashed) lines show normalized intensity levels of the source (PSF) along the East-West
axis. Notice the dierence in emission levels around the mid-intensity region ( 50% level);
(a) IRAS 02229+6208 barely shows extended emission, (b) IRAS 16342−3814 has a broad
pedestal rising to a concentrated core of emission, and (c) IRAS 17436+5003 shows a plateau-
like emission.
Fig. 3.| Mid-IR images of PPN candidates and their standard star PSFs. Two unresolved
PPN candidates appear rst followed by the resolved PPN candidates which are shown in
order of increasing RA. In each panel, the source appears in the left column, the standard
star PSF appears in the middle and right columns. When two PSFs are presented, the rst
(second) standard star was observed before (after) the source. The object name appears in
the top left corner of each image; source names are abbreviated to the RA portion of the
IRAS name. Each row of the panel corresponds to a dierent mid-IR wavelength which
appears in the bottom right corner of the image as a number in units of µm. The lowest
contour levels are 10% and the intervals between contour levels are 20% of the peaks of
the images. The peak values appear in the bottom left corner of the image as a number
in units of Jy arcsec−2. The coordinate axes show the relative displacement from the peak
location in arcseconds. All the images presented, with the exception of IRAS 18184-1623,
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have the same arcsecond/mm scale on the page for easy comparison. Each row of the gures
corresponds to a particular wavelength. Important comments on each of these gures are
listed in appendix A.
